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Abstract 

Forty cultivable, visually distinct bacterial cultures were isolated from four Bal- 
tic microalgal cultures Chlorella pyrenoidosa, Scenedesmus obliquus, Isochrysis 
sp., and Nitzschia microcephala, which have been maintained for several years in 
the laboratory. Bacterial isolates were characterized with respect to morphology, 
antibiotic susceptibility, and 16S ribosomal DNA sequence. A total of 17 unique 
bacterial strains, almost all belonging to one of three families, Rhodobacteraceae, 
Rhizobiaceae, and Erythrobacteraceae, were subsequently isolated. The majority 
of isolated bacteria belong to Rhodobacteraceae. Literature review revealed that 
close relatives of the bacteria isolated in this study are not only often found in 
marine environments associated with algae, but also in lakes, sediments, and 
soil. Some of them had been shown to interact with organisms in their sur- 
roundings. A Basic Local Alignment Search Tool study indicated that especially 
bacteria isolated from the Isochrysis sp. culture were highly similar to microal- 
gae-associated bacteria. Two of those isolates, II and 16, belong to the Cytoph- 
aga-Flavobacterium-Bacteroides phylum, members of which are known to 
occur in close communities with microalgae. An UniPrac analysis revealed that 
the bacterial community of Isochrysis sp. significantly differs from the other 
three communities. 



doi: 10.1002/mbo3.175 



Introduction 

Species-specific interactions between bacteria and microal- 
gae have been reported (Yoshinaga et al. 1995, 1997; 
Hasegawa et al. 2007), but remain underinvestigated due 
to their complexity. Interactions between bacteria and 
algae are essential in regulating algae accumulation and 
degradation of organic matter (Cole et al. 1988; Smith 
et al. 1995). The ability of algae-associated bacteria to 
flocculate algae increases sedimentation and removal of 
organic matter from the water column (Allison and 
Sutherland 1987). Especially bacterial communities associ- 
ated with algal blooms play critical roles in carbon and 
nitrogen cycling through their influence on the formation 
and fate of dissolved organic matter (Cole et al. 1982; 
Azam and Ammerman 1984). 



Studies on harmful algal blooms have revealed that 
marine bacteria are able to either stimulate phytoplankton 
growth (Ferrier et al. 2002) by releasing vitamins or 
growth factors (Haines and Guillard 1974; Maruyama 
et al. 1986), inhibit phytoplankton growth, or even 
destroy phytoplankton (Imai et al. 1995; Yoshinaga et al. 
1997; Lovejoy et al. 1998; Amaro et al 2005). More 
recent studies demonstrate that compositions of bacterial 
communities are not necessarily algae species-specific but 
depend to a high extent on the algae's extracellular prod- 
ucts (Sapp et al. 2007). These results are in line with 
observations that diatom-attached bacteria are mainly 
algae species-specific while most free-living bacteria in the 
algae's surrounding are nonspecific (Grossart et al. 2005). 

Exudates are among the key factors that influence the 
algal phycosphere, the zone directly surrounding algal cells. 
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Within this zone, microbial activity is altered compared to 
that of the surrounding seawater (Bell and Mitchell 1972). 
Bacterial communities in phycospheres have been analyzed 
in several studies (Green et al. 2004; Jasti et al. 2005; Gar- 
ces et al. 2007; Goecke et al. 2013). In particular, the 
growth-promoting effects for economically interesting 
algae have been extensively investigated (Gonzalez and Ba- 
shan 2000; Rivas et al. 2010). Usually, those studies are 
performed with algae samples taken directly from the sea. 
In most of the studies denaturing gradient gel electropho- 
resis was used (DGGE; Grossart et al. 2005; Rooney-Varga 
et al. 2005). With this method, large amounts of bacterial 
DNA can be identified, with the drawback that alive or 
dead bacteria cannot be distinguished. Furthermore, iden- 
tified bacteria cannot be cultivated and characterized by 
classical microbiology methods. 

Many microalgae cultures that are used in experiments, 
for example, for enhancing biomass production or lipid 
concentration for biofuel production, are cultures that are 
maintained for years in the respective laboratories. Bacte- 
rial communities in microalgae cultures do have an influ- 
ence on metabolism of algae, and therefore it is necessary 
to study these bacteria in microalgae cultures regularly 
used in research or industrial applications. 

In the present study, we examined bacteria coexisting 
in four microalgae cultures: Chlorella pyrenoidosa, Scene- 
desmus obliquus, Isochrysis sp., and Nitzschia microcephala. 
All cultures had been originally obtained from the Baltic 
Sea and were maintained for 5-8 years in standardized 
medium before this study was performed. Altogether we 
collected 40 bacterial isolates from these algal cultures 
and performed microbiological characterization and 16S 
ribosomal DNA (rDNA) analyses. With these experiments 
we gained a first insight into the phycosphere of culti- 
vated microalgae. 

Experimental Procedures 
Microalgae cultures 

The Baltic microalgae C. pyrenoidosa (strain code 
TV216), S. obliquus (strain code TVK-SOB-1), Isochrysis 
sp. (strain code TV-ISOCHR), and N. microcephala 
(strain code TV141) were obtained from the culture 
collection of the Tvarminne Zoological Station of the 
University of Helsinki, Finland, where they had been 
maintained for several years as liquid cultures (Hallfors 
and Hallfors 1992). By default, algal cultures were incu- 
bated in 250 mL Erlenmeyer flasks containing 50 mL of 
modified, sterilized f/2 medium (Guillard and Ryther 
1962), denominated as T2 (Spilling et al. 2011). The 
cultures were incubated at 25°C with 90 rpm shaking 
and a 16:8 h light-dark cycle with 80 ^(mol sec^^ m^^ 



illumination. The algal cultures were subcultured 
monthly. 

Isolation of associated bacteria 

To isolate pure bacterial cultures from the algae, the four 
native algal cultures C. pyrenoidosa, S. obliquus, Isochrysis 
sp., and N. microcephalia were subcultured in fresh T2 
medium and cultivated for 3 days. One milliliter of each 
culture was suspended in 9 mL of Marine Broth (BD Dif- 
co. Sparks, MD), and these suspensions were further 
diluted in the same way to 10^^ or 10^*. A 0.1 mL ali- 
quot of each dilution was spread onto Marine Agar plates 
(Marine Agar 2216; BD Difco), and the plates were incu- 
bated according to the culturing temperature of the algae 
cultures at 25°C for 7 days. From each algal culture 10 
single, visually distinct bacterial colonies were subcultured 
on fresh Marine Agar plates and incubated for 7 days. 
For long-term storage, the bacteria were conserved on 
beads (Protect Bacterial Preservers; Technical Service 
Consultants Ltd., Lancashire, UK) at — 80°C. Isolated bac- 
teria were labeled according to their algal culture origin, 
for example, Cl-ClO for bacteria isolated from Chlorella 
culture, Sl-SlO from Scenedesmus culture, and so on 
(Table 1). 

Characterization of marine bacteria 

Morphological characterization 

For morphological characterization, all 40 bacterial 
isolates were cultivated on Marine Agar 2216 plates as 
pure cultures. The colors of the bacterial colonies were 
recorded, and shape and Gram reaction of the bacterial 
cells were evaluated using a Polyvar microscope 
(Reichert-Jung, Wien, Austria) with 800 x magnification. 
The Gram stain reaction of the bacteria was determined 
using a BD Gram Stain Kit (BD Diagnostics, Sparks, MD) 
according to the manufacturer's instructions. For the oxi- 
dase test a piece of filter paper was soaked in aqueous 1% 
N,N,N',N'-tetramethyl-p-phenylenediaminedihydrochloride 
solution. Freshly grown bacteria were scraped from the 
plate and rubbed onto the filter paper. Development of 
blue color within 10 s was an indication of oxidase- 
positive isolates. 

Antibiotic susceptibility 

In order to test the antibiotic susceptibility of the isolated 
bacteria their pure cultures were cultivated in liquid 
medium (Marine Broth 2216; BD Difco) for 26-27 h at 
25°C under shaking (120 rpm). Aliquots of 0.1 mL were 
spread evenly onto Marine Agar plates, allowing the 
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liquid to permeate into the medium. Solutions of genta- 
mycin, streptomycin, kanamycin, rifampicin, meropenem, 
ticarciUin, cefotaxim, and ampicOlin (all antibiotics from 
Duchefa or Sigma, concentrations in Table 1) were pre- 
pared and 0.1 mL of each solution was added to separate 
disks (Antibiotika-Testblattchen; o 12.7 mm, Schleicher & 
SchiiU, Dassel, Germany). The disks were placed onto 
bacterial lawns and the plates were incubated at 25°C for 
6 days. Clear inhibition zones were measured. 

16S ribosomal DNA (rDNA) analyses 

For performing 16S ribosomal DNA (rDNA) analyses 
beads with preserved bacterial isolates were cultivated in 
liquid medium (Marine Broth 2216; BD Difco) for 26- 
27 h at 25°C under shaking (120 rpm). DNA was isolated 
by a modified cetyl trimethylammonium bromide proto- 
col (Doyle and Doyle 1987). 16S rDNA (1450 bp) was 
amplified by PGR with Eubac27F and the 1492R primers 
according to Lane (1991). 

Resulting DNA sequences were compared to known 
DNA sequences in the NGBI database (Basic Local Align- 
ment Search Tool, nucleotide blast). Sequences were 
aligned with MUSGLE 3.7 and a maximum likelihood 



tree was calculated using PhyML 3.0 aLRT and drawn by 
TreeDyn (Dereeper et al. 2010). AU sequences used for 
phylogenetic analyses were deposited in the EMBL Nucle- 
otide Sequence Database (for accession numbers see 
Fig. 1). To analyze the similarity of 16S rDNA sequences 
of the bacterial isolates with known sequences of phyto- 
plankton-associated bacteria, 16S rDNA sequences were 
compared with known sequences in the NGBI database 
by using the Basic Local Alignment Search Tool (BLAST) 
function. All sequences with >99% similarity to our 
sequences were examined with respect to their origin. If 
the origin of the bacterial DNA sequence was a native 
algae culture, then this sequence was regarded as sequence 
from bacteria with algae association. 

Statistical evaluation 

Statistical analyses were performed with the program Sig- 
maPlot 11.0 (Systat Software, GmbH, Erkrath, Germany). 
A f-test (Mann-Whitney rank-sum test) was performed to 
test the pooled differences between the percentages of 
algae-associated sequences of bacteria isolated from Isochry- 
sis and the three other algae cultures {Nitzschia, Chlorella, 
and Scenedesmus) . 



Figure 1. IVlaximum likelihood tree sinowing 
tine relationslnips of tine 22 marine bacteria 
(bold) isolated in this study and their closest 
relatives based on their 16S rDNA sequences. 
The DNA sequence accession numbers are 
shown in brackets. Strains belonging to 
different families are indicated by colors: 
Flexibacteraceae black, Flavobacteraceae 
orange, Rhodobacteraceae green, 
Erythrobacteraceae red, and Rhizobiaceae blue. 
Numbers indicate bootstrap values. The scale 
bar corresponds to 20 base substitutions per 
100 nucleotide positions. 
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For comparing the four bacterial communities of 7s- 
ochrysis, Nitzschia, Chlorella, and Scenedesmus unweighted 
UniFrac Significance tool (type of test: each environment 
individually) was used (Lozupone and Knight 2005). In 
general, UniFrac measures the distance between two envi- 
ronments in terms of the fraction of evolutionary history 
that separates the organisms in the two environments. 
Each algae culture was considered as an environment, 
each 16S rDNA sequence was assigned to one of the four 
environments. Calculations were performed with all 22 
sequences from isolates considered unique (Table 1). 

Results 

Characterization of cultivable algae- 
associated bacteria 

On the Marine medium plate of N. niicrocephala, Isochry- 
sis sp., C. pyrenoidosa, and S. obliquus cultures 36, 386, 
143, and 106 colonies, respectively, were observed. Ten 
separate bacterial colonies with different appearances were 
selected from each of the four microalgal cultures. All 
bacterial isolates were Gram-negative and oxidase-positive 
rods with variable susceptibility against selected antibiot- 
ics (Table 1). Furthermore, 16S rDNA analysis of all 40 
bacterial isolates was performed, and on the basis of mor- 
phological characterization, antibiotic susceptibility, and 
comparison of 16S rDNA sequences to known sequences 
via BLAST, the collection of 40 bacterial isolates was clus- 
tered into 22 distinct groups of isolates. Results of the 
microbiological and genetic characterization are compiled 
in Table 1 and Figure 2. These sequence data have been 
also submitted to the EMBL database. The accession 
numbers are found in Figure 1. 

The 16S rDNA sequences of these 22 strains, and those 
sequences from NCBI database with highest similarity to 
the sequences, were used for calculating the maximum 
likelihood tree (Fig. 1). Considering also the results of the 
tree, 17 of 22 isolated bacteria are unique. According to 
the combined results, 15 of the 17 bacterial strains were 
identified as belonging to the families Rhodobacteraceae, 
Rhizobiaceae, and Erythrobacteraceae, placed in the phy- 
lum Proteobacterium, and the remaining two isolates 
were localized in the Cytophaga-Flavobacterium-Bactero- 
ides phylum (Fig. 1). 

Rhodobacteracea 

All bacterial strains isolated from the Nitzschia culture, 
coded from Nl to NIO, showed very high 16S rDNA 
sequence similarity. Combining sequence similarity analy- 
sis with results from morphological characterization and 
the antibiotic susceptibility assays, six bacterial strains 

362 




Rhodobacteriaceae Erythrobacteriaceae 
Rhizobacteriaceae Further families 

Figure 2. Families of bacteria isolated from microalgae cultures (A) 
Clilorella pyrenoidosa, (B) Scenedesmus obliquus, (C) Nitzschia 
microcephala, and (D) Isochrysis sp. 

(Nl, N3, N6, N8, and NIO) were considered unique; 
whQe N5 is most probably similar to N3. Although all 
strains isolated from Nitzschia culture show a resistance 
against kanamycin, differences in antibiotic susceptibility 
were observed for gentamycin. No susceptibility for gen- 
tamycin was observed for strains Nl (similar to N2, N4, 
and N7) and N6 (similar to N9), while N3, N5, N8, and 
NIO were resistant against gentamycin. Nl and N6 were 
considered different strains because of their differences in 
microscopic appearance. Furthermore, the two strains 
showed a different antibiotic susceptibility against genta- 
mycin and meropenem. The majority of isolates from 
Nitzschia showed typically slender rod morphology but 
N6 and NIO were plump and pleomorphic rods or very 
short rods, respectively. Additionally, the phylogenetic 
studies showed that strains S5 and S7 are most probably 
similar strains. This strain, isolated from Scenedesmus, 
clustered together with several strains isolated from the 
Nitzschia culture as well as with several Loktanella species 
offered by the NCBI database. Furthermore, their cell 
morphologies (plump pleomorphic/short rods) confirmed 
that, in addition to the Nitzschia isolates, also S5, S7, and 
C4 belong to the family of Rhodobacteraceae. 

Bacterial strains 13, 14, and 15 isolated from Isochrysis 
sp. most probably belong to the family Rhodobacteraceae, 
too, but form a separate cluster. The 16S rDNA sequences 
of these isolates showed high similarity to the 16S rDNA 
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of unclassified strains of Rhodobacteraceae (strain JAM- 
ALOllO, AB362256), Seohaeicola saemankumensis and two 
Roseobacter sp. strains (Bll and DG869). In contrast to 
the other Rhodobacteraceae strains in this study, 14 and 15 
were large pleomorphic rods without kanamycin sensitiv- 
ity. Strain 13 differs from 14 and 15 by a short rod form, 
color, and sensitivity to kanamycin. 

Rhizobiaceae 

The second largest group was formed by the bacterial 
strains CI (similar to C3, C9, and S8), C2, C5, C7, C8, 
isolated from the C. pyrenoidosa culture, together with SI 
(similar to S2) and S3 (similar to S4, S6, S9, and SIO), 
isolated from the S. obliquus culture. The maximum like- 
lihood tree revealed that most probably C5 is similar to 
C7 and C8. Because of their high similarity with Agrobac- 
terium vitis (strain M63038), Rhizobium sp. (strain W7), 
and Agrobacterium tumefaciens (strain IrT-JG-6), those 
bacteria might belong to the Rhizobiaceae. Cells of these 
strains varied between short rods (CI, C2, and SI) with 
sensitivity to kanamycin, slender rods (S3), and plump 
pleomorphic rods (C5, C7, and C8), both resistant to 
kanamycin. 

Eryth robacteraceae 

The bacterial strain 17 (similar to 18, 19, and 110) showed 
100% similarity at the nucleotide level with Erythromicro- 
bium sp. (phylum: Proteobacteria, order: Sphingomona- 
dales). The colonies of 17 were colored from red to 
orange and the cells were short rods with resistance to 
streptomycin and kanamycin, which was not observed for 
any other isolated strains. 

Further families 

On the basis of phylogenetic analysis the strains II and 
16 showed closest similarity to Arenibacter sp. 
(Flavobacteraceae) and Flexibacter aggregans {Flexibactera- 
ceae), respectively, both being families of the Cytophaga- 
Flavobacterium-Bacteroides phylum. The slender rods of 
II (similar to 12) formed rust to orange-colored colonies 
and showed resistance to gentamycin, streptomycin, 
kanamycin, rifampicin, and ampicillin. 16 appeared as 
rods with cysts and was sensitive to all tested antibiotics. 

16S rDNA sequence similarities of isolates 
from microalgae with known sequences of 
phytoplankton-associated bacteria 

In order to quantify the association of isolated bacteria to 
algae, 16S rDNA sequences of the 22 unique bacteria were 



compared to known sequences in the NCBI database with 
BLAST function. All sequences with high similarity 
(>99%) to 16S rDNA sequences from isolated bacteria 
were checked as to their origin. Table 2 shows the 
amount and percentage of those sequences with high sim- 
ilarity and an origin in a phytoplankton culture. 

Bacteria isolated from Nitzschia, Chlorella, and Scene- 
desmus cultures showed high similarity with on average 
6.2%, 8.3%, and 5.5% (SE ± 0.8%, 5.0%, and 1.8%) of 
sequences with algae association. In contrast, 16S rDNA 
sequences of bacteria isolated from Isochrysis culture 
revealed a significant (f-test, P = 0.009) higher similarity 
than sequences isolated from all other microalgae cul- 
tures. Sequences of bacteria isolated from Isochrysis cul- 
ture showed on average 28.5% (SE ± 2.8%) similarity to 
published sequences of algae-associated bacteria. Highest 
similarity with sequences of bacteria known to be associ- 
ated with algae was identified for strain 16. Thirty-seven 
percent of the published sequences with similarity >99% 
revealed algae associations. Moreover, I6S rDNA sequence 
of strain C4 revealed a considerably high similarity (28%) 
to sequences of algae-associated bacteria as compared to 
other bacteria isolated from Chlorella culture. 

Comparison of the four bacterial 
communities using UniFrac 

Based on an alignment of 22 16S rDNA sequences, the 
online tool UniFrac Significance indicated that the bacte- 
rial community of Isochrysis sp. differs significantly from 
the other communities (P < 0.01). This result is in line 
with the results of the comparison of the 16S rDNA 
sequences to sequences from phytoplankton-associated 
bacteria in NCBI database (Table 2). All other communi- 
ties are not significantly different from each other 
(P = 0.72, P = 0.38, and P = 0.85 for Nitzschia, Chlorella, 
and Scenedesmus, respectively). 

Discussion 

At the time of initiating a nonaxenic monoalgal culture it 
is conceivable that two groups of bacteria are present in 
the medium: Those that were coincidentaUy near the 
algae at the time of sampling or those that have some sort 
of relationship with the algae, ranging from symbiotic to 
pathogenic (Jasti et al. 2005). Regardless their connection, 
it is anticipated that bacteria are either favored or sup- 
pressed in the artificial situation and that a relatively bal- 
anced situation is reached within the years of continued 
subcultivation. 

On the basis of microbiological characterization and 
sequence similarity, 40 visually distinct bacterial isolates, 
representing only a selection cultivable at these specific 
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Table 2. Similarity of 15S rDNA of bacterial isolates from Baltic microalgae to sequences from phytoplankton-associated bacteria in NCBI data- 
base. 









Number of 


Percentage of 




Number of 


Number of 


sequences isolated 


phytoplankton- 


Bacterial 


base position 


sequences with 


from phytoplankton 


associated 


strain 


compared 


>99% similarity' 


culture 


sequences (%) 


N1 


608 


100 


6 


6 


N3 


632 


100 


7 


7 


N5 


504 


100 


7 


7 


N6 


625 


100 


7 


7 


N8 


298 


0 


0 


0^ 


N10 


138 


100 


3 


3 


11 


483 


0 


0 


0^ 


13 


620 


13 


3 


25 


14 


527 


0 


0 


0^ 


15 


569 


14 


3 


25 


16 


527 


42 


15 


37 


17 


564 


12 


3 


27 


CI 


550 


49 


1 


2 


C2 


522 


0 


0 


0^ 


C4 


710 


31 


8 


28 


C5 


554 


31 


2 


8 


C7 


572 


58 


2 


4 


C8 


619 


10 


0 


0 


SI 


635 


9 


0 
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S3 


520 


44 


3 


8 


S5 


638 


100 


7 


7 


S7 


638 


100 


7 


7 



'Maximal number of sequences shown in NCBI database with BLAST: 100 sequences. 
^Values are not used for further calculations. 



conditions, were assigned to four families, Rhodobactera- 
ceae, Rhizobiaceae, Erythrobacteraceae, and Flavobactera- 
ceae. Members of these families had been previously 
found worldwide in marine environments associated with 
algae as well as in lakes, sediments, and soil (Allgaier 
et al. 2003; Rooney-Varga et al. 2005; Penn et al. 2006; 
Jordan et al. 2007; Cho et al. 2008; Salka et al. 2008; 
Shigematsu et al. 2009; Xu et al. 2009). 

Rhodobacteraceae 

The majority (55%) of the bacterial strains isolated in this 
study belong to the Rhodobacteraceae and show highest 
similarities regarding 16S rDNA with Loktanella sp. 
Although its presence in the Baltic Sea had been reported 
previously (Salka et al. 2008) Loktanella's microalgae asso- 
ciation has not yet been assessed. However, it has been 
recently shown that Loktanella sp. are more abundant on 
the surface of the green algae Ulva australis than in the 
surrounding sea water, which might owe to interaction of 
both species (Burke et al. 2011). It has been found that a 
Loktanella sp., isolated from the North Sea, releases a 
chemical compound showing high similarity to insect 
pheromones (Dickschat et al. 2005). In the present study. 



16S rDNA sequences of three bacterial strains (13, 14, and 
15) clustered with the Roseobacter sp. Bll and two further 
Rhodobacteraceae sequences. Roseobacter species dominate 
among marine algae-associated bacteria and are engaged 
in intermittent symbiotic relations (reviewed by Buchan 
et al. 2005). Phaeobacter gallaeciensis belongs to the 
Roseobacter clade and produces antibacterial compounds 
in the biofilm of U. australis, thus preventing the growth 
of other bacteria on the algae (Ruiz-Ponte et al. 1998; 
Brinkhoff et al. 2004; Bruhn et al. 2005). It has been 
shown that breakdown compounds of the senescent algae 
stimulate P. gallaeciensis to produce potent and selective 
algicides, which ultimately kill the algae (Seyedsayamdost 
et al. 2011). Therefore, it is likely that the Isochrysis iso- 
lates 13, 14, and 15 also interact with Isochrysis sp. and 
probably with other microalgae and bacterial species as 
well. 

Erythrobacteriaceae 

The bacterial strain 17 showed 100% 16S rDNA 
sequence similarity with Erythromicrobium sp. B04, 
which was isolated in the eastern Gotland Basin, Baltic 
Sea (Salka et al. 2008). Another study demonstrated the 
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growth-inhibiting effects of Erythromicrobium ramosum, 
isolated from a bloom, on the cyanobacterium Microcys- 
tis aeruginosa (Shi et al. 2009). On the basis of 16S 
rDNA sequence analysis, many of the bacterial isolates 
described in this study are very close, or even identical 
with known bacterial species, such as strain 17 repre- 
senting the cluster of isolates 17, 18, 19, and 110 from 
Isochrysis sp. These new isolates might even have poten- 
tial in environmental biotechnology, because strains of 
Erythromicrobium are known to be highly tolerant 
toward toxic heavy-metal oxide tellurite by accumulat- 
ing metallic crystals inside the cells (Yorkov et al. 
1996). Also, several environmental bacterial isolates that 
are potentially useful for biodegradation and cleaning 
polluted sites are described as close relatives of Erythro- 
microbium, such as Sphingomonas (Nohynek et al. 1996; 
Tao et al. 2007). A detailed taxonomic study is still 
needed to identify these isolates, which would both 
increase information on associated cultures in marine 
environments and supplement the taxonomic scenery of 
marine bacteria. 

Rhizobiaceae 

Members of the Rhizobiaceae were first isolated from 
soil (Conn 1938), later on also from marine sediments 
(Ruger and Hofle 1992; Suss et al. 2006; Jordan et al. 
2007) and snow (Gonzalez-Toril et al. 2009). The genus 
Agrobacterium was affiliated to the genus Rhizobium, 
followed by renaming Agrobacterium tumefaciens to 
Agrobacterium radiobacter and Agrobacterium rhizogenes 
as Rhizobium rhizogenes (Young et al. 2001). However, 
in the present study the bacteria of this genus are 
named in accordance with the respective literature. In 
our study we isolated several bacteria with high similar- 
ity to Agrobacterium sp. at the 16S rDNA level. Agro- 
bacterium rhizogenes (Rhizobiaceae) is known for its 
natural ability to insert bacterial DNA into the genome 
of higher plants (Tepfer 1984), a mechanism facilitating 
genetic engineering of plants. For a number of years 
Agrobacterium has also been used in the transformation 
of microalgae such as Chlamydomonas reinhardii (Ku- 
mar and Rajam 2007), Haematococcus pluvialis (Kathire- 
san et al. 2009), and Nannochloropsis sp. (Cha et al. 
2011). Furthermore, a recent study revealed probiotic 
and growth-promoting properties of a Rhizobium sp. on 
the microalgae Botryococcus braunii (Rivas et al. 2010). 

Flavobacteriaceae 

The 16S rDNA sequences of II and 16 showed highest 
similarity to Arenibacter sp. TVGBIO and Flexibacter 
aggregans BSs20185, both of which are members of the 



Flavobacteriaceae, belonging to the diverse Cytophaga- 
Flavobacterium-Bacteroides (CFB) phylum. Flexibacter 
aggregans is known as a fish pathogen belonging to a fam- 
ily of marine species with unclear taxonomic positions 
(Nedashkovskaya et al. 2005). Arenibacter was discovered 
in sandy sediment in the South China Sea and classified 
as a new genus of Flavobacteriaceae (Ivanova et al. 2001). 
Interestingly, further species of that genus, Arenibacter 
palladensis and Arenibacter certesii, were isolated from 
green algae and sea urchins (Nedashkovskaya et al. 2004, 
2006; Urvantseva et al. 2006). Recently, Arenibacter algico- 
la sp. nov., a polycyclic aromatic hydrocarbon degrading 
bacterium, was isolated from the marine diatom Skeleto- 
nema costatum which was obtained from a culture collec- 
tion (Gutierrez et al. 2014). Despite their isolation from 
microalgae, interaction between algae and Arenibacter has 
not been described so far. Furthermore, Grossart and 
coworkers showed impressively that most bacteria which 
were associated with two diatoms belong to the CFB phy- 
lum (Grossart et al. 2005). 

From all the bacterial isolates obtained in this study, 
those isolated from Isochrysis sp. culture showed highest 
similarity to known bacteria with algae association. This 
may indicate that bacteria that were found in the Isochrysis 
sp. culture have higher tendency of association or interfer- 
ence with the microalgae than other isolated bacteria. 
Results were confirmed by the UniFrac calculations and by 
the BLAST analysis (Table 2). Independently, both meth- 
ods indicate that the bacterial community of Isochrysis sp. 
significantly differs from the three other communities. 

In summary, the present study revealed that many of 
the bacterial strains isolated from Baltic microalgae cul- 
tures show high similarity to bacteria with confirmed 
algae association or even interaction. The isolated bacteria 
had survived several years of continuous algae mainte- 
nance in artificial medium, indicating that those bacteria 
benefit from their coexistence with microalgae. Especially 
the isolates II and 16 are likely to live associated with 
microalgae and might interfere with them. Possible inter- 
ferences have not been well elucidated yet, and should be 
subject of future studies. For controlled and repeatable 
conditions in experiments with high-precision measure- 
ments of metabolic compounds such as lipids or glyco- 
sides the usage of axenic algae cultures should be 
considered working with microalgae. If axenic microalgae 
cultures are not available, it may be recommended to 
characterize the phycosphere of algae before performing 
other experimental work. 
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